Abstract-Islanding strategy is a self-healing method applying to power systems as the final step to prevent wide area blackouts. To suggest an effective islanding method, several parameters should be considered. Without those considerations, there is high possibility that generated islands will not be stable enough and will collapse soon. In this paper, a new method based on flexible semi-supervised spectral clustering is proposed to handle multiple constraints in order to guarantee the stability of generated islands. This method is also capable of handling and tackling various satisfaction degree of each constraint. Hence, the best solutions are achieved with respect to each defined constraint and its level of importance. The efficiency of this method for power systems is shown by applying it on the IEEE 39-buses network.
INTRODUCTION
When power systems face large disturbances, controlled islanding is applied as the final step to stop cascading outages and therefore preventing blackouts. In this manner, by opening specific lines, large power systems are divided into smaller isolated sections which are called islands so the cascading effects in the network are stopped. To have a proper islanding strategy, it is necessary to define constraints and propose a framework which is capable of finding proper splitting points to satisfy those constraints. Several constraints such as transmission lines thermal limits, generation-load ratio balance, power flow pattern, coherency between generators and so on which are important in power system stability concept can be defined as constraints [1] . Previous works tried to figure out important parameters from stability point of view and to consider one or two of them to determine the splitting points. Wang and Vittal [2] proposed a two-step method in which, based on slow coherency concept, generators are identified and grouped. Afterwards, an algorithm is utilized to find minimal cutsets between these groups in the network. In another work [3] first, the size of the system was reduced based on graph theory. Then another algorithm is applied to the reduced graph to increase the efficiency of method by searching the strategy space to ensure that no answer is missing during this procedure. Lastly, final splitting strategy is obtained based on power flow calculation. Reference [4] proposed a method in which slow coherency concept is used for generators grouping. Then to increase the speed of the method, graph simplification is used to reduce both edges and vertices of the graph. Finally, K-way partitioning method is used to figure out the borders of islands by considering minimal net flow. This method was improved in [5] by removing irrelevant nodes. A novel two-step method is proposed in [1, 6] in which slow coherency is used for grouping generators and then in the second step normalized spectral clustering is utilized to obtain the minimal cutset answer.
As mentioned before, several parameters should be considered to have islanding strategy which is effective enough to save power systems from cascading outages and create stable islands. However, from literature review, it is observed that in some of previous studies, for example [3] , coherency between generators is not considered, which can lead to unstable islands with non-coherent generators. In addition, other approaches can only minimize partitioning cutset (either power imbalance or power disruption); meanwhile, only one constraint can be satisfied (slow coherency). Thus, ignoring other parameters during islanding or not considering them simultaneously can lead us to unstable suggested islands.
A novel framework introduced in this paper is capable of handling multiple constraints simultaneously applied to the system. Furthermore, unlike prior methods which are not capable of satisfying a constraint partially, in the proposed method it is possible for the user to define satisfaction degree of each constraint. The rest of this paper is organized as follows: Section II introduces basic concepts of graph theory and spectral clustering. Section III discusses different constraints in controlled islanding. The method is proposed in section IV. The strategy is applied to IEEE 39-buses test case in section V. Finally in section VI some concluding remarks are provided.
II. SPECTRAL CLUSTERING

A. Graph theory
Since electrical network is represented by graph in this method, it is necessary to review the basic principles and definitions of graph theory [7] . Graph theory was mainly originated by Leonhard Euler's paper on Seven Bridges of Konigsberg in the second half of 18 th century. A graph can be defined as an ordered pair G = (V, E) which encompasses a set V of vertices (or nodes) together with a set E of edges (or lines), which are 2-element subsets of V. If edges have no orientation the graph is called undirected graph, otherwise it is directed. A loop is a set of edges (directed or undirected) which starts and ends on the same vertex. A simple graph has no loop and each pair of vertices is connected by only one edge (no parallel edges). A path from one vertex to another in a graph is defined as a sequence of edges which connect a sequence of vertices. A tree is a graph in which any two vertices are connected by exactly one path. If a tree is composed of all vertices, it is called spanning tree. The cutset is the set of edges whose end points are in different subsets of the partition. In weighted graphs, the size of cutset is defined to be the sum of weights of edges crossing the cutset.
B. Spectral Clustering
Spectral clustering concept and its basic principles are discussed in this part [6, 8] .
The Laplacian matrix of graph G is defined as: 
C. Semi-supervised Spectral Clustering:
Although spectral clustering is significantly efficient in graph partitioning problem, sometimes in order to achieve acceptable results, additional information and constraints should be taken into account. In spectral clustering, this idea is discussed under several categories such as side information learning, semi-supervised learning, learning from equivalence constraints and so on. Those methods can be grouped into two general categories. In one approach, specific metric system is defined and constraint is given as side information. It can be used within a common clustering algorithm. Another approach is to directly revise the original algorithms of spectral clustering making them capable of handling label information such as projection matrix in which subsets are labeled based on whether they belong to one class or not [9] .
D. Flexible Semi-supervised Spectral Clustering:
Previous semi-supervised spectral clustering methods are only capable of handling MUST-LINK and CANNOT-LINK constraints. Although data and clusters can be labeled, several answers which are slightly different from the constraint might be missed. In [10] a novel algorithm (originally for image processing domain applications) is introduced for spectral clustering which provides the ability to consider more than one constraint and define degrees of belief for each of them. The algorithm becomes capable of finding all desirable answers from different points of view and let the users choose among them.
Different steps of the method are as follows [10] :
1-First, build all constraint matrices Qs for constraints. 2-Calculate the affinity matrix A based on the metric system which is going to be as minimum cutset during the graph partitioning.
5-(5) 6-Define the largest eigenvalue in matrix as . 7-Select as constraint satisfaction factor, so that .
8-Solve the following generalized eigen-problem (6) 9-Remove all eigenvectors which are related to nonpositive eigenvalues.
10-Normalize the remaining eigenvectors by (7) 11-(8) where is among the feasible normalized eigenvectors.
12-(9) where is the cluster indicator vector.
III. CONTROLLED ISLANDING STRATEGY
Since islanding methods are applied in critical situations and several parameters are involved in islands stability, the islanding method should be capable of managing several constraints. Furthermore, trying to fully satisfy a constraint may lead to islands stable enough in terms of only one constraint and not generally. Therefore, the suggested islands may not sustain due to the other grid characteristics. Having a more flexible method is necessary to consider all the constraints and possible solutions. Flexible semi-supervised spectral clustering not only has all the privileges of common spectral clustering method but also can satisfy several constraints by different degrees of belief. By adapting and applying this method in islanding strategy, we have the ability to consider several parameters, define their importance and find the best islanding answers between all possible ones regarding the nature of electrical network.
As mentioned in introduction, several parameters such as coherency between generators located in one island, transmission lines thermal limits, active or reactive power imbalance, power flow pattern and so on play significant role in islands stability concept. To guarantee the stability of produced islands, it is a good approach to try to consider as many possible factors as necessary. The framework proposed here is completely independent of types of information or number of user-defined constraints for partitioning. Nevertheless, it can be concluded from previous studies that slow coherency between generators, minimizing active power imbalance in each island and minimizing active power flow disruption are the main concerns related to islanding. It is worth mentioning here that because reactive power can be managed locally, active power absorbs more attention.
A. Slow coherency
Generators in each island should approximately be synchronous and swing together. Having non-coherent generators in one island results in generation loss and therefore the island will collapse.
According to slow coherency concept, generators with strong connection tend to swing together and generators with weaker connections tend to become isolated from them. Hence, in this concept the problem of having coherent generators becomes the problem of finding weak connections between generators [6] .
Two common presumptions in coherency concept are considered [11] :
First, the size of disturbance does not have significant effect on the coherent groups of generators which means that coherency behavior of generators are almost independent of different faults clearing time. Second, the level of detail used in modeling the generator units does not have significant effect on the coherent groups of generators. This assumption is based on this idea that the detail of the generators' model in simulation does not fundamentally change the basic characteristics of electrical network [12] .
The first assumption suggests that linearized model is applicable for coherency analysis. The second assumption proposes that even classical generator models are useful in studying the coherency of generators.
B. Load-Generation Imbalance
After grouping generators, the next step is to minimize the load-generation imbalance in each island. After partitioning, if resulted islands are identified as imbalance ones, two different scenarios are probable; load rich and generation rich islands. In generation rich islands, the frequency will increase; so specific methods should be applied to reduce the generation. However, in load rich islands, the problem is more severe and serious. Frequency will drop significantly and immediate corrective methods such as load shedding (when the demand is higher than power generation in a system, and to prevent the system from total blackout, some parts of the distribution region are shut down in a controlled process called load shedding) should be applied to preserve the islands. In this research, one of the main goals is to save as much load as possible according to situation and conditions of the power system. Thus, during the procedure of determining the splitting points, significant attempt is made to prevent unnecessary load shedding by distributing loads between islands appropriately and considering generation amount in each island.
C. Power Flow Disruption
In islanding strategy, some lines are trimmed to partition the power system into several separated islands. Cutting several lines simultaneously, could inject major disruption to the power system and worsens the stability of the network. Therefore, another constraint in this method is to minimize the change of system's power flow pattern after applying the islanding strategy.
IV. MULTI CONSTRAINT CONTROLLED ISLANDING ALGORITHM
Multi constraint algorithm for intentional islanding is introduced in this section.
A. Finding coherent generators groups
Based on [1, 13] in this step the dynamic graph of the power system containing only generators and their edge weights is created by Laplacian matrix. Edge weights are defined by synchronizing coefficients . Then, normalized spectral clustering is used to cluster the results of dynamic graph and for grouping generators.
is the imaginary part of the network admittance matrix while it is reduced to only generator nodes. and are voltages and and are voltage angles related to buses i and j respectively.
(10)
As described in spectral clustering chapter, the first two eigenvectors and of the generalized eigen-problem are computed in this step.
M is the inertia matrix which is calculated as and is the inertia constant of the mth generator [1] .
The generators are then clustered into two different groups using a clustering algorithm. K-medoids is selected as clustering algorithm in this framework.
K-medoids is a clustering algorithm similar to the Kmeans but has the advantage of being less sensitive to noise and outliers and more efficient in larger data sets [14] .
In large scale power systems, this is a reasonable assumption that more than two islands are necessary. Recursive bisection is added to the algorithm to achieve the goal [8] .
The result of k-medoids clustering in each round is used to define a constraint for the next step by Q matrices mentioned in the first step of flexible spectral clustering. In this research, slow coherency is considered as the most important constraint with the highest degree of satisfaction. Therefore, all suggestions which violate this constraint are removed from final results.
B. Minimizing load-generation imbalance in each island
In this step, the objective is to create islands with relatively close amount of active generation and loads in them. In graph representation form of power systems, generation can be represented by positive values and load by negative ones. Spanning tree algorithm based on Breadth First Search (BFS) method is used to find balanced islands. The algorithm starts from a generator node and visits all neighbor nodes. Then for each of those nodes, all unvisited adjacent nodes are visited in the next step and so on. During this process, the network lines losses are not considered. The result of this partitioning is used to define a constraint for the next step by Q matrix as mentioned in the first step of flexible spectral clustering. Note that this constraint is different from slow coherency constraint and does not have to be fully satisfied.
C. Minimizing power flow disruption
Transmission lines have specific capability of sustaining power flow. Considering power flow disruption in islanding process will increase the stability of generated islands and also has several advantages such as minimizing overloading possibility in critical lines [15] . As shown below, Laplacian matrix is defined to compute minimal cutset.
(11) where: (12) and Laplacian matrix is as follows:
V. SIMULATION RESULTS
A new method for islanding is proposed in this paper which has several advantages. First of all, it is independent of objectives and the method which is used to compute these parameters. In this research slow coherency, power imbalance, and power flow disruption (with the methods which is described in previous chapters) is considered as the main parameters to find proper islands. However, the number of objectives is not limited in this framework. Secondly, in this approach islands are generated while considering more than one constraint simultaneously. So it is supposed that this method results in the most stable islands. Finally, this method is flexible which means it is possible to define the level of satisfaction for each constraint based on its importance and the specific characteristics of the power network.
To test the applicability of the proposed framework, first slow coherency analysis is computed by using (10) . The first constraint matrix Q is defined based on the result of this step. Power imbalance is computed as described in section IV-B and the result is defined as the second constraint. Lastly, while considering two previous constraints, minimal cutset for power flow is obtained as the last objective of this research.
MATPOWER [16] is used to simulate the IEEE 39-buses test case. In this test case, the total amounts of generations and loads are 6297.87 and 6254.23 MW respectively. MATPOWER is a power system simulation package for MATLAB® capable of solving power flow problems. As mentioned previously, for the first step, the dynamic graph is generated and normalized spectral clustering is applied to determine slow coherent generators. The results of this step are shown in Table I .
After determining the first constraint, power imbalance is computed in the network. Since the generator 1 is not coherent to other generators (it has already load rich due to the nature of this sample), applying load shedding algorithm in this island is inevitable. Power flow disruption is also computed and the results determine the power flow minimal cutset. The rest of the procedure proceeds according to the algorithm proposed previously.
The final results are presented in Table II . Due to the fact that slow coherency is considered as the most important constraint, in this research, all answers that violate the slow coherency constraint are not acceptable and have already been omitted.
The flexibility of the framework is shown by trying different values for . Since the power imbalance result is defined as the second constraint, the best result related to this constraint is obtained when the highest value is appointed for . By reducing this amount, the possibility of violating this constraint is increased, so more solutions with better power disruption value (the third constraint) are achieved. This trend is shown in Table II . Cutsets corresponding to these answers are shown in Fig. 1 . Table I . GENERATOR GROUPS Group #1  G1  Group #2  G2,G3,G4,G5,G6,G7  Group #3 G8,G9,G10 Fig. 1 Final cutsets of IEEE 39-buses. 
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VI. CONCLUSION
This paper proposes a multi constraint islanding framework based on flexible semi-supervised spectral clustering for controlled islanding strategy of power systems. For the first time, it is possible to consider and satisfy several constraints while generating stable islands. Three constraints are computed and defined step by step in this study to increase the stability of islands. Slow coherency is applied to guarantee that non-coherent generators are not partitioned in the same island. Load-generation is checked in each island to minimize load rich islands. Finally power flow disruption is minimized to increase the transient stability of the islands. The method is applied to IEEE 39-buses test system and its efficiency and applicability has been proved.
